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Spectroscopy and Spectroscopic EllipsometryaLaura Mazzocchetti, Theodoros Tsoufis, Petra Rudolf,* Katja Loos*The successful synthesis of amylose brushes via enzymatic ‘‘grafting from’’ polymerization
and the detailed characterization of all synthetic steps by X-ray photoelectron spectroscopy
(XPS) and spectroscopic ellipsometry measurements are reported. Au and Si surfaces are
amino-functionalizedwith self-assembledmonolayers
(SAMs) of cystamine and 3-aminopropyldimethye-
thoxysilane (APDMES), respectively. Maltoheptaose is
covalently attached to the amino-functionalized Au
and Si surfaces via reductive amination. Amylose
brushes are grown from maltoheptaose modified Au
and Si surfaces with enzymatic polymerization using
potato phosphorylase and Rabbit Muscle phosphory-
lase, as evidenced by spectroscopic ellipsometry and
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wileyonlinelibrary.comcularly interesting aspect of the use of poly-1. Introduction
Polysaccharides are naturally occurring polymers which
are mainly renowned for their industrial importance
in many fields, such as food processing, packaging and
textiles.[1] However, theyalso attracted some interest in the
field of advanced materials due to their biocompatibility,
biodegradability and environmental friendliness.[2–4]
Moreover, they are rich in free hydroxyl moieties, allowing
for water solubility as well as for possible further
functionalization of the polymer backbone.A parti
saccharides is the prevention of biofouling. The term
‘‘biofouling’’ refers to undesired accumulation of biological
molecules, and in some cases of living organisms, on a
surface.[5] This phenomenon may occur in different
situations, such as in underwater pipes or on ship’s
hulls,[6,7] in filtration or processing devices in the food
industry[8,9] or in biomedical implants.[9] In all these cases
the biofilm formation leads to performance losses and, in
thecaseofbody implants, toan inflammatoryresponse.The
easiestway toavoidordelaybiofilmformation is to createa
surface that hinders the adsorption of biomolecules,
proteins in particular.[7] Owing to the hydrophilic character
of polysaccharides they can be used as hydrophilic coating.
Indeed it was demonstrated that a hydrophilic surface can
prevent, or at least reduce, protein adsorption.[10–12] While
poly(ethylene glycol) modified (PEGylated) surfaces showed
goodresults incoating,[13–15] thepossibilityofusingnaturally
occurring polymers such as polysaccharides may be a
superior and more environmental friendly alternative.DOI: 10.1002/mabi.201300273
Enzymatic Synthesis of Amylose Brushes Revisited
www.mbs-journal.dePolysaccharide coatings were already successfully pro-
duced by selectively adsorbing polysaccharide containing
block copolymers on surfaces[16] and the protein repellency
of the produced polysaccharide brushes was studied.[17] By
covalent attachment of the polysaccharides to the surface
the coating properties can be further improved. Two
methods are available for the successful synthesis of such
so-called polysaccharide brushes: ‘‘grafting to’’ and ‘‘graft-
ing from’’.[18–20] In the ‘‘grafting to’’ approach brushes are
prepared by grafting polymers onto surfaces by chemical
bonding of functional surface groups to reactive chain ends
of the polymers. This method has the disadvantage that it
is very difficult to achieve high grafting densities and/or
thicker films due to steric crowding of reactive surface sites
by already adsorbed polymers. Well-defined polymer
brushes can be therefore more elegantly synthesized via
a ‘‘grafting from’’ approach, where polymers are grown
from surface-bound initiators. The so-called ‘grafting from’
approach is a superior alternative because the functionali-
ty, density and thickness of the polymer brushes can be
controlledwith almostmolecular precision (when utilizing
controlled/living polymerization techniques).
Here we present the synthesis and the exact characteri-
zationof amylosebrushes. Amylose, oneof the components
of starch, is a linear biomacromolecule inwhich the glucose
units are joined via a-(1!4) glucosyl linkages. Convention-
al synthetic approaches are, in many cases, inadequate to
provide substantial quantities of polysaccharides such as
amylose because of difficulties arising from incomplete
regio- and stereo-control of the glycosylating process.
Enzymatic synthesis methods are very attractive for their
mild reaction conditions, for the high enantio-, regio- and
chemoselectivity as well as for the nontoxicity of natural
catalysts.[21–24] In enzymatic methods for glycoside and
saccharide synthesis no selective protection/deprotection
steps are necessary and the control of configuration at
newly formed anomeric centers is absolute.[25–29]
Interestingly, the first surface-initiated enzymatic poly-
merization ever reported was the synthesis of amylose
brushes on planar and spherical surfaces[30,31] and this
approach was extended recently by the synthesis of
amylopectin brushes via an enzymatic ‘‘grafting from’’
procedure.[32] However, to date a proper surface chemistry
characterization of these systems is still missing.
Here we report the detailed stepwise synthesis and
characterization of amylose brushes via an enzymatic
‘‘grafting from’’ polymerization from silica and gold
surfacesusinga-glucanphosphorylase (E.C. 2.4.1.1) ascatalyst.
In vivo phosphorylase is involved in the phosphorolytical
cleavage of the non-reducing end-unit from a-glucan chains,
producing glucose-1-phosphate (G-1-P). However, under the
appropriate conditions the catalytic action of phosphorylase
can be reverted and linear synthetic amylose can be
synthesized with the release of inorganic phosphate.[33–35]Macromol. Biosci. 20
 2013 WILEY-VCH Verlag Gmwww.MaterialsViews.comThe strict primer dependence of the glycogen phos-
phorylases makes them ideal candidates for the
synthesis of hybrid structures of amylose with non-
natural materials.[36–42] For this, a primer functionality
(malto-oligosaccharide) can be coupled to a synthetic
structure and subsequently elongated by enzymatic
polymerization to result in amylose blocks.
The synthetic procedure for the reported amylose
brushes is outlined in Figure 1. Silica and gold surfaces
were amino-functionalized by reactions with 3-amino-
propyldimethylethoxysilane (APDMES) (Figure 1, upper
row) and cystamine (Figure 1, lower row), respectively. The
primer recognition unit for the enzymatic polymerization
(maltoheptaose) is attached to the amino-functionalized
surface via reductive amination.[43,44] The primer recogni-
tion unit is subsequently elongated in an enzymatic
‘‘grafting from’’ polymerization using phosphorylase as
catalyst and G-1-P as monomer.
All synthetic steps were characterized in great depth by
X-ray photoelectron spectroscopy (XPS) and spectroscopic
ellipsometry measurements confirming the successful
step-by-step growth of the amylose brushes via enzymatic
polymerization.2. Experimental Section
2.1. Materials
Double side polished silicon wafers were purchased from TOPSIL
(Frederikssund, Denmark). Toluene (Labscan) was freshly distilled
from sodium and dimethylsulfoxide (DMSO; Labscan) was distilled
from CaH2. Sodium cyanoborohydride, APDMES, cystamine, Rabbit
Musclephosphorylaseb (RMPb), dithio-D,L-threitol (DTT), TWEENW80
(TWEEN)andadenosine5’-monophosphate(AMP),wereallpurchased
from Aldrich and used as received. Maltoheptaose (MH),[35,37,45]
Maltoheptaonolactone[35,37,41] and Potato phosphorylase (PP)[35,37,41]
were obtained according to procedures reported in the literature.2.2. Si Wafer Amination with APDMES
Si wafers were cut in pieces of roughly 1 cm2 cm and
ultrasonically rinsed with ethanol, ethanol/dichloromethane
(50/50) and dichloromethane and finally immerged in a piranha
solution (3:1 H2SO4:H2O2) at 75 8C. After 1h, the substrates were
dropped inMilli Qwater, extensively rinsedwithMilli Qwater and
subsequently sonicatedwithMilli Qwater, methanol and toluene.
The freshly cleaned Si wafers were soaked in a 0.010M APDMES
solution in freshly distilled toluene at room temperature in a
shaking incubator.After5h thesubstrateswere rinsedwith toluene
and placed in a Soxhlet apparatus for 24h to remove the unreacted
APDMES. Finally the substrates were baked at 120 8C for 1h.2.3. Gold Substrate Functionalization with Cystamine
150 nm thick polycrystalline gold films on mica (grade V-1,
Ted Pella) were prepared in a home-built deposition system14, 14, 186–194
bH & Co. KGaA, Weinheim 187
Figure 1. Synthesis of amylose brushes via enzymatic ‘‘grafting from’’ polymerization from silica (upper row) and gold surfaces (lower row).
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188by sublimation of 99.99% gold (Sch€one Edelmetaal B.V.). To
obtain atomically flat Au(111) substrates, sublimation was
carried out at a base pressure of 107 Torr onto freshly cleaved
mica sheets kept at 650 K, which had been pre-heated at the
same temperature for 16 h in order to degas environmental
impurities. The substrates were cooled down to room temperature
over a period of 8h. Freshly prepared gold surfaces were
functionalized by submerging them in a degassed 0.010M ethanol
or aqueous solutions of cystamine. The surfaces were allowed to
react for 18h in the dark at room temperature under a N2
atmosphere. Subsequently the surfaces were removed from the
solution, washed twice with ethanol and water and dried.2.4. Reductive Amination
The amino functionalized surfaces were submerged in a DMSO
solutioncontaining1vol%aceticacid, 10mgmL1MH,2.5mgmL1
NaCNBH3 and 4 A˚ molecular sieves. The reductive amination was
carried out at a temperature of 60 8C for 3 d in a shaking incubator.
SubstrateswererinsedextensivelywithMilliQwaterafter reaction
and subsequently sonicated with Milli Q water and ethanol.2.5. Enzymatic Polymerization with PP
MH functionalized samples were submerged in citrate buffer (pH
6.2, 0.050M) solution containing G-1-P (250109 M) and phos-
phorylase (5UmL1). Sampleswere allowed to react for 3 d at 38 8C
in a shaking incubator. Afterwards the substrates where cleaned
with different cleaning procedures. 1) Flushing with Milli Q waterMacromol. Biosci. 20
 2013 WILEY-VCH Verlag Gmbandsubsequentsonication inMilliQwater;2) FlushingwithMilliQ
water and subsequent sonication in water, DMSO, acetone,
methanol and heptane; 3) Flushing with Milli Q water and
subsequent sonication in Milli Q water; 2) Flushing with Milli Q
water and subsequent sonication in water, DMSO, acetone,
methanol and heptane; 3) Flushing with Milli Q water and
subsequent sonication with tris-buffered saline (TBS) with 2%
TWEEN, followed by rinsing with plain Milli Q water; the process
was repeated twice, followed by 6 more cycles with no TWEEN
addition. Finally samples were sonicated in DMSO and in Milli Q
water. At the end of each cleaning procedure all the samples were
dried at 105 8C for 1 h.
2.6. Enzymatic Polymerization with RMP b
MH functionalized samples were submerged in 2-amino-2-
(hydroxymethyl)-propan-1,3-diol (TRIS) buffer (pH 6.7, 0.1 M)
solution containing G-1-P (0.250M), AMP (0.04M), DTT (0.04M)
and RMP b (2.5 U mL1). Samples were allowed to react for 4 d at
38 8C in a shaking incubator. Afterwards the substrates where
cleaned by flushing with Milli Q water and sonication in Milli Q
water, DMSO, acetone, methanol and heptane.
2.7. Methods of Characterization
2.7.1. Spectroscopic Ellipsometry
Spectroscopic ellipsometry was performed on a VASE VB-400
ellipsometer in the range of 400 to 1000nm. The angle of incidence14, 14, 186–194
H & Co. KGaA, Weinheim www.MaterialsViews.com
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WVASE32was used to make amodel consisting of different layers
with characteristic values for the refractive indices. A Cauchy
dispersion layer was used to determine the thickness of the
APDMES, maltoheptaose and polysaccharide layer. The refractive
index of maltoheptaose and of the a-glucan brush was taken to be
1.336, that of APDMES 1.465.[46]
2.7.2. XPS
For the XPS measurements, evaporated gold films supported on
mica were used as substrates. Samples were introduced via a
load lock system into a SSX-100 (Surface Science Instruments)
photoelectron spectrometer with a monochromatic Al-Ka X-ray
source (hn¼1486.6 eV). The base pressure in the spectrometer was
11010 Torr duringallmeasurements. The energy resolutionwas
set to 1.16 eV to minimize the measuring time. The photoelectron
take-off angle was 378. All binding energies were referenced to
the Au 4f7/2 core level.[47] Spectral analysis included a Shirley
background subtraction in the caseof carbon1s core level spectrum
and a linear background in the case of nitrogen 1s and sulfur 2p3/2
spectra due to high signal to noise ratio.[48] Peak deconvolution
includedmixed Gaussian Lorentzian functions in a least squares
curve-fitting program (WinSpec) developed at the University of
Namur, Belgium. The procedure consisted in fitting a minimum
numberofpeaksthatcanreproducetherawdataandareconsistent
with the experimental resolution and the molecular structure of
the thin films. All measurements were performed on freshly
prepared samples in order to guarantee the reproducibility of the
results. Three different points on each sample were analyzed to
check for homogeneity. Thephotoemissionpeak intensities of each
element, used to estimate the amount of each species on the
surface,were normalized by the sensitivity factors of each element
tabulated for the spectrometer used. The error on the photoemis-
sion peak intensities was estimated depending on the signal-to-
noise ratio in the spectrumfor each element. The carbon signalwas
better defined; thus the error was found to be 2%. The nitrogen
and sulfur signals were weaker, producing noisier spectra, and
therefore a more substantial error of 5% and 6% was estimated
in the corresponding peak intensities. The stability of the self-
assembled monolayers (SAMs) of cystamine on gold (and of the
filmsgrownon them) todamage inducedby theX-raybeamandby
secondary electrons produced by photoemission in the underlying
substrate was explored by monitoring the line shape and relative
intensity of the C 1s, N 1s, and S 2p3/2 core-levels as a function
of irradiation time. No evidence of structural degradation was
observed even when irradiation was continued twice as long as
the acquisition time used in the measurements.3. Results and Discussion
Amylose brushes were successfully synthesized via an
enzymatic ‘‘grafting from’’ polymerization (see Figure 1).
3.1. Amino-Functionalized Surfaces
The reaction starts with the functional modification of
surfaces via the introduction of a convenient functionalMacromol. Biosci. 20
 2013 WILEY-VCH Verlag Gmwww.MaterialsViews.comgroup. In the present case, the functional group chosen
for the primer attachment is the amine moiety, so both
gold and double-sided polished Si wafer substrates were
functionalized with SAMs of molecules bearing amine
functionality on one side and a surface linker on the other
(seeFigure1). Cystaminewasused for self-assemblyongold
while the functionalization of Si wafers was carried out
with APDMES, a monoalkoxy-silane derivative. In both
cases the aliphatic chain spacer between the surface linker
and the amine group had three methylene units. From
ellipsometricmeasurements the thicknessof thecystamine
SAM on Au was found to be 0.60 0.07nm while that of
the APDMES SAM on Si amounted to 0.65 0.08nm, in
accordance with literature data for uniform SAMs.[49]
XPS studies of the surfaces confirmthepresence of amine
groups anchored to an aliphatic chain (see Supporting
Information file for the XPS spectra of the APDMES SAM on
Si, Figures S1,S2). Theeffect of the solventon the structureof
the resulting SAMs of cystamine on gold was studied by
XPS. When the self-assembly took place from an ethanol
solution, the nitrogen 1s core level region of the XPS spectra
revealed the presence of two different chemical species
(Figure 2, left), one at 399.8 eV binding energy which is
attributed to the presence of free amines and accounted for
56%of the total nitrogen intensity, and another component
at 401.6 eV, attributed[50] to protonated amines (NH3
þ) and
corresponding to approximately the 44% of the overall
nitrogen intensity. The sulfur 2p regionof theXPS spectrum
(Figure 2, right) showed two major components corre-
sponding to different chemical environments neighboring
sulfur atoms. The sulfur 2p3/2 component at 162.3 eV is due
to the sulfur atoms bound to gold.[51] The second sulfur
component at 168.2 eV, is attributed to oxidized sulfur
species[52] that remained on the surface after washing. As
the oxidized sulfur species are negatively charged, these
species are expected to remain in themonolayer even after
extensive washing due to interactions with, for example,
chargedaminogroupsas reported in similar self-assembled
films.[53]
XPS can provide not only qualitative but also quantita-
tive information.[54] In fact, the peak intensities normalized
with the atomic sensitivity factors are proportional to the
amount of the corresponding atoms within the sampling
depth. The recorded ratio between the peak intensities of
nitrogen and sulfur for the SAM of cystamine on gold was
0.98, that is, within the experimental error equal to the
expected value (1) for cystamine.
When the self-assembly of cystamine on gold took place
from aqueous solution, significant changes were noted in
the XPS spectrum of the formed SAM. In detail, the high
resolution nitrogen 1s spectrum (Figure 3, left) revealed
again two major components for free and protonated
amines (recorded at 399.4 and 400.9 eV, respectively)
shifted to lower binding energies when compared to the14, 14, 186–194





















Figure 2. N 1s (left) and S 2p (right) core level XPS spectra of cystamine monolayers on gold self-assembled from an ethanol solution.
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190case of self-assembly from an ethanol solution. However,
the ratio of peak intensities corresponding to free and
protonated amines was found significantly higher (1.9) in
the case of the SAM cystamine assembled in water than
for the self-assembled monolayer in ethanol (1.2). This
finding indicates that self-assembly from water solutions
results in SAMs with a significantly higher percentage of
free amine terminal groups, in agreement with previous
reported results from our group[46] and others.[55] The
sulfur 2p region (Figure 3, right) in the XPS spectrum of
these SAMs showed three different components. The
dominant component, recorded at 161.9 eV originates
from sulfur atoms bonded to gold,while the two additional
minor contributions at 165.2 eV and 168.3 eV are both
attributed to oxidized sulfur species that remain present at
the gold surface. As for the SAM assembled in ethanol
solution, also for the SAM assembled in water solution,Figure 3. Nitrogen 1s (left) and sulfur 2p (right) core level XPS spectra o
Macromol. Biosci. 20
 2013 WILEY-VCH Verlag Gmbthe ratio between the N 1s to S 2p peak intensities was
0.99, i.e. within the experimental error equal to the
expected value (1) for cystamine.3.2. Maltoheptaose-Functionalized Surfaces
As previously stated, for phosphorylase to catalyze
the enzymatic ‘‘grafting from’’ polymerization of G-1-P a
primer recognition unit of at least 3 a(1!4) connected
glucose units is required. Here, maltoheptaose, a seven-
glucose oligomer, was used as primer and attached to
the aminated surfaces via reductive amination with
NaCNBH3 (see Figure 1).
Spectroscopic ellipsometry measurements shows that
a dense maltoheptaose layer forms on gold substrate of
about 2.5 0.12nm, while on Si wafer the layer thickness
is about 1.6 0.3 nm. While the MH layer grown on gold/f cystamine monolayers on gold self-assembled fromwater solution.
14, 14, 186–194











Figure 4. C 1s core level region of the photoemission spectrum of
maltoheptaose immobilized on a cystamine SAM on gold.
Enzymatic Synthesis of Amylose Brushes Revisited
www.mbs-journal.decysteamine substrates compare well with the dimension
of an extended MH unit, the thickness measured on Si
wafer/APDMES is well below the value found for a
similar system in which the Si wafer was functionalized
with 3-aminopropyltriethoxysilane (APTES), that was
reported to be about 3.5 nm.[22] According to literature
reports, the amine density obtained by funtionalization
with APDMES and APTES is quite different, being 1.6 NH2
nm2 and 4.0 NH2 nm
2, respectively, owing to the
possibility of the latter of giving multilayer self-assembly
instead of a strict monolayer formation. When the MH
density on the surface is calculated according to Equation 1:Fig
gol










ure 5. N 1s (left) and S 2p (right) core level regions of the photoemis
d.
Macromol. Biosci. 20
 2013 WILEY-VCH Verlag GmaterialsViews.comfrom the layer thickness L, the density of maltoheptaose r,
and its molecular weight Mn, and given the Avogadro
constantNA, theresults show0.9MHnm2and1.9MHnm2
respectively in the case of Si wafers functionalized with
APDMES and APTES, evidencing that in both cases only
roughly 50% of the amine groups present on the surface are
able to react with the primer.
The XPS carbon 1s spectrum of maltoheptaose immobi-
lized on the cystamine SAMon gold is presented in Figure 4
(see Supporting Information file for the XPS spectra of
maltoheptaose immobilized on the APDMES SAM on Si,
Figures S3,S4). Three different components were necessary
to fit the spectrum. The highest binding energy component
at 288.1 eV is attributed to the acetal carbon atoms (O–C–O)
present at the maltoheptaose structure, while the major
component at 286.6 eV originates from the ether (C–O–C)
and alcohol (C–O–H) contributions also present in malto-
heptaose. Nevertheless, additional contributions to this
component may come from C–N bonds formed during the
reaction of the amine-terminated SAM with the malto-
heptaose. This hypothesis is further supported by the
detailed analysis of the nitrogen region, discussed below.
The lowest binding energy component at 285 eV is
attributed to the C–C moieties of the aliphatic chains of
cystamine as well as to adventitious hydrocarbon contam-
ination. The latter is supported by the significantly higher
relative intensity of this component with respect to what
is expected based on stoichiometry.
The successful attachment of maltoheptaose to the
SAM-functionalized gold was further evidenced in the
nitrogen 1s core level XPS spectrum (Figure 5, left). Apart
from the previously noted components of free and
protonated amines at 399.7 and 401.6 eV, an additional
component not present in the corresponding spectrum of










sion spectrum of maltoheptaose immobilized on a cystamine SAM on
14, 14, 186–194
bH & Co. KGaA, Weinheim 191
Figure 6. Proposed schematic representation of XPS probed top-
section of amylose brushes.
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192additional component,whichamounts to25%of theoverall
nitrogen intensity, is attributed to the formation of the
secondary amine bond formed by the reaction between the
maltoheptaose and the SAM of cystamine. The analysis of
the XPS results further suggests that the attachment of the
maltoheptaose took place preferably onto the free amine
groups as expected, since the relative percentage of the
protonated amines compared to the total nitrogen intensi-
ty, before and after the immobilization of maltoheptaose
remained practically the same (ca. 30%). Furthermore,
the XPS results (Figure 5, right) pointed out that the
relative intensity of the oxidized sulfur species was
significantly reduced after the reaction. In fact, the relative
intensity due to the oxidized sulfur species now corre-
sponds toonly14%of the total sulfur intensity, compared to
the 34% before the reaction took place. No significant
difference was observed in the maltoheptaose attachment
onto aminated gold or aminated silicon wafers. It is worth
noting instead that theonly significantparameter affecting
the success and extent of the reductive amination was the
ratio of free vs. protonated amine groups. When the
aminated surfaces are dominated by protonated amine
groups (more than 60% of total nitrogen intensity), no
significantmaltheptaoseattachment is observed,while the
reactionproceeds smoothlywhenthe freeaminegroupsare
the majority on the surface (around 60% of the total
nitrogen intensity).3.3. Amylose-Functionalized Surfaces
Once the primer is attached to the surface, polymerization
of G-1-P can be carried out in the presence of a-glucan
phosphorylase. This enzyme is naturally found in many
living organisms, and it can be isolated form a number of
them. One of the most common sources of a-glucan
phosphorylase is potatoes. The enzyme extracted from
the tuber is in its active form, without any need for
regulatory mechanism; thus, no addition of co-factors
is required to drive the polymerization. Nevertheless,
the extraction procedure from the potato juice carries
along many contaminants that, although not interfering
with the a-1,4-glycosidic bond formation, contaminate
the final products. The polymerization is carried out for
3 d, since no further increase in the brushes degree
of polymerization was observed at longer incubation
time.[28] Samples were cleaned by simple flushing and
sonicating with water. While the spectroscopic ellipso-
metry detected an average increase in the carbohydrate
average layer thickness, the actual thickness strongly
depends on the initial substrate used for functionalization.
On gold/cysteamine an average brush layer of about
20.0 1.9 nm could be obtained, while on the Si wafer/
APDMES surface the layer was considerably thinner,
measuring about 6.0 0.8 nm. This result reflects theMacromol. Biosci. 20
 2013 WILEY-VCH Verlag Gmbpreviously outlined differences observed for MH function-
alization on the different supporting systems. While on
the gold/cysteamine surface extended MH units can be
assumed, the lower density obtained on Si wafer/APDMES
can envisage the presence of some coiled units that
makes them inaccessible for further polymerization. The
degree of polymerization of the amylose brushes can be
estimates as previously reported.[32]
A first proof of the successful brush growthwas provided
fromtheXPS spectra after the enzymaticpolymerization. In
detail, theXPS results didnot reveal any contribution either
fromsulfur 2p3/2 or fromgold 4f7/2 core level regions. This is
not surprising given the fact that XPS is a surface sensitive
technique and although the X-rays can penetrate to the
bottom section, the electrons cannot go through the thick
upper layer (see Figure 6 for a schematic outline).
Surprisingly, a nitrogen peak was recorded, although
not expected as the presence of nitrogen is only limited
to the ‘‘root’’ of the brushes (Figure 6, insert). These
observations suggest the presence of N-containing con-
taminants entrapped within the brushes, which might
probably stem fromproteic residues coming alongwith the
potato extracted enzyme.
Hence, different methods were applied to remove the
contaminants form the brushes, and besides the simple
sonication in water, a sequence of sonicating sessions in a
combinationofwater/organic solvents (dimethylsulfoxide,
water, acetone, methanol, heptane), and the use of
surfactants to remove the proteic residueswere attempted.
The most effective way to remove contaminants from the
brushes is thesubsequentwashingwitha seriesofdifferent
solvents, which results in a relative intensity ratio of C to N
ratio of 16, while with the other processes the C/N ratio is
around 10. Themethod is however not completely efficient
(see Figure 7a–c).
Given the fact that no complete removal of absorbed
proteic residues was accomplished when Potato phos-
phorylase (PP) was used as catalyst, commercial Rabbit
Muscle phosphorylase b (RMP b) was used to carry out the
enzymatic ‘‘grafting from’’ polymerization. While PP and14, 14, 186–194
H & Co. KGaA, Weinheim www.MaterialsViews.com














Figure 7. XPS spectra of the N 1s core level regions of amylose
brushes grown using PP enzyme and treated with a) water, b) TBS
and Tween, c) a combination of aquatic and organic solvents, and
d) brushes grown using RMP b and cleaning with a combination
of aquatic and organic solvents.
Figure 8. C 1s core level XPS spectrum of amylose brushes grown
by the enzymatic polymerization of MH functionalized Au
surfaces using RMP b.
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www.mbs-journal.deRMPs (EC 2.4.1.1) are similar in many structural and
kinetics characteristics, the later exists in two forms,aandb
respectively, that require allosteric and covalent control
mechanisms.[56] In particular, RMP b requires the presence
ofAMPforhavingacatalyticactivity.[57]Another important
difference between PP and RMP lies in the affinity for
different glucan substrates: while the first one shows
preference for linear polysaccharides, the latter acts
preferentially on branched glucans. We recently success-
fully used RMP b for the synthesis of well-defined linear
and branched polyglucans.[58–60]
RMP b can also be used for the enzymatic ‘‘grafting from’’
polymerization of amylose brushes. With this the amount
of absorbed proteic residues can be further reduced, see
Figure 7d. The carbon 1s core level XPS spectrum of amylose
brushes grown by the enzymatic polymerizationwith RMP
b on gold clearly proves the successful synthesis of the
amylose brush, see Figure 8. The spectrum is constituted by
three components. The highest binding energy component,
recorded at 288.2 eV is attributed to the O–C–O bonds
and corresponds to 22% of the total carbon intensity.
The twoother components originate fromC–OHat286.3 eV
(28% of the overall C intensity) and at 285.0 eV (50% of
the overall C intensity), respectively.
The split of the C–OH signal results from differences in
hydrogen bonding along the amylose helix. The stability
of a V-amylose helical structure essentially relies on
intra-molecular hydrogen bonds, (distinguishable into
two types of hydrogen bonds that are defined as interturn
H bonds (O6–O2 and O6–O3) and intraturn H bonds
betweenadjacentglucoseunits (O2–O3), respectively.[61–66]Macromol. Biosci. 20
 2013 WILEY-VCH Verlag Gmwww.MaterialsViews.comIt is known that differences in strength of hydrogen bonds
contribute differently to the core level binding energies
assessedbyXPS[67] andwe can therefore clearly distinguish
the interturn H bonds (285.0 eV) and intraturn H bonds
(286.3 eV) in the C 1s core level XPS spectrum of the
synthesized amylose brushes (see Figure 8). The measured
percentages of O–C–O, C–OH interturn H bonds and C–OH
intraturn H bonds agree well with theoretically calculated
percentages of O–C–O, 15.6% of the total carbon and C–OH
interturn H bonds, 53.3% of the total carbon and C–OH
intraturn H bonds, 29.2% of the total carbon.
Amylose brushes were also successfully synthesized on
Si surfaces, see Supporting Information file for the XPS
spectra (Figures S5,S6).4. Conclusion
Amylose brushes on Au and Si surfaces were successfully
synthesized via enzymatic polymerization using PP and
RMP. The synthetic procedure involved amino-functional-
izationof thesurfacesviaSAMs, covalentattachmentofMH
to the functionalized surfaces via reductive amination and
subsequent enzymatic ‘‘grafting from’’ polymerization. The
in-depth characterization of all synthetic steps by XPS
and spectroscopic ellipsometry measurements proved the
feasibility of the synthetic protocol and evidenced distinct
differences suchasvariances insurfacecoveragedepending
on the SAM used. Less proteic contamination in the
amylose brushes resulted when utilizing phosphorylase
fromRabbitMuscles in contrast to phosphorylase extracted
from potatoes.14, 14, 186–194
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